Ultrahigh density arrays of ferroelectric PbTiO 3 (PTO) nanoislands with various feature sizes were epitaxially grown by utilizing block copolymer micelles. Piezoresponse and ferroelectric properties were clearly observed in the PTO nanoislands by band excitation piezoresponse force microscopy. In particular, PTO nanoislands were fully switchable even with a volume as small as 79 nm 3 . Accordingly, it is expected that the volume of the switchable ferroelectric nanoislands can be further decreased. The obtained results show that an areal density of over 10 Tb in À2 for the ferroelectric memory devices would be possible.
Introduction
Ferroelectrics have spontaneous polarization, the directions of which can be manipulated by an external electric eld. This basic nature of ferroelectrics allows ferroelectric materials to be employed as nonvolatile data storage media.
1,2 With the increasing demand for miniaturization of electronic devices, ferroelectric nanostructures have attracted great interest.
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However, one of the most critical issues is fabrication of ferroelectric nanostructures with switchable polarization states because ferroelectricity disappears below a certain physical dimension, i.e. a critical size. While ferroelectric thin lms with thickness of a few unit cells are able to maintain spontaneous polarization, 6 spontaneous polarization would become unstable for discrete ferroelectric nanostructures with sizes below 10 nm due to additional free surfaces and higher depolarizing elds. Even though various approaches for fabricating ferroelectric nanostructures have been developed to improve ferroelectricity, 4,7-11 realization of ferroelectric nanostructures with feature sizes of sub-10 nm still remains a great challenge. While some research groups [12] [13] [14] recently employed ferroelectric powders with a diameter of $10 nm to investigate the size effect on ferroelectricity, the measured ferroelectricity represented collective properties of randomly oriented powders, which can be different from those of individual ones. Thus, to study ferroelectric properties of individual nanostructures, the structure should be prepared so as to be isolated from each other and have identical physical dimensions and crystallographic orientation. We previously reported that although individual diskshaped PbTiO 3 (PTO) nanoislands with an average volume (V NI ) of 2660 nm 3 (a diameter of 22 nm and a thickness of 7 nm) exhibit distinctive spontaneous polarization, 15 switchability of the polarization was not achieved. In this study, we downsized V NI to as small as 79 nm 3 (a diameter of 7.5 nm and a thickness of 1.8 nm) by utilizing block copolymer self-assembly, and observed hysteresis loops from individual nanoislands, which suggests that nanoislands of the sub-10 nm regime are fully functional ferroelectrics and ferroelectric critical size could be further downsized.
Experiment
Polystyrene-block-poly(4-vinylpyridine) copolymer (PS-b-P4VP) was purchased from Polymer Source Inc. The molecular weights of PS and P4VP blocks are 21 000 and 4000, respectively. PS-b-P4VP was dissolved in PTO precursor solution (0.4 M in 2-methoxyethanol, 10% excess Pb, INOSTEK Inc.). The precursor solution was further diluted with 2-methoxyethanol (SigmaAldrich) to have three different concentrations (0.03, 0.02, and 0.01 M). Because the concentration of PS-b-P4VP in three different precursor solutions was xed as 1.5 wt%, the molar ratios of the precursor to pyridine in three solutions are 1.33, 0.875, and 0.438, as shown in Table 1 . In this situation, the PS block became the core and the P4VP block became the corona. Then, toluene, a highly selective solvent for PS, was added to induce inversion between the core and the corona; thus the P4VP block including the PTO precursor became the core of the micelles. [16] [17] [18] [19] [20] [21] Toluene was chosen to stabilize precursor-loaded micelles, in which exchange of PS-b-P4VP single chains, called 'unimers', between micelles is highly improbable. The portion of surface area per single chain became large upon decreasing size due to lower aggregation number of smaller micelles. If the solvents do not have sufficient selectivity, for instance tetrahydrofuran (THF) or THF-toluene mixture, the precursor can be exposed to the solvents during unimer exchange and precipitation of the precursor can be invoked. Monolayers of spherical micelles were formed by spin-coating at a rotating speed of 2000 rpm. Single-crystalline Nb-doped SrTiO 3 (100) (STO:Nb, Crystek) was used as a substrate. The surface of the substrates was treated with a buffered oxide etchant (JT Bakers) and thermally reconstructed. 15 The block copolymers were removed by thermal treatment at 300 C for 15 min, and the organic moieties of the PTO precursor were completely removed by subsequent treatment at 500 C for 15 min in an air environment. During the process, the PTO precursor became epitaxially crystallized into PTO nanoislands on the substrate. We used the PTO precursor with a molar ratio of Pb to Ti of 1.1 due to the volatility of Pb during high temperature thermal treatment. Surface morphology of the PTO nanoislands was observed by scanning electron microscopy (SEM, Hitachi, S4800) and atomic force microscopy (AFM, Digital Instrument) with tapping mode. The crystal structure of PTO nanoislands was characterized by synchrotron X-ray diffraction (XRD, Pohang Accelerator Laboratory, 3C2 and 10C1 beamlines). High-resolution transmission electron microscopy (HRTEM, JEOL, JEM-2100F) was used to observe the cross sectional view of a single nanoisland. Finally, band-excitation piezoresponse force microscopy (BE-PFM) was used to observe the piezoresponse of individual PTO nanoislands with a commercial AFM system (Asylum Research Cypher) additionally equipped with a Labview/Matlab based controller. The triangle waveform with bias pulses was applied to the samples to induce ferroelectric polarization switching. The changes in the polarization state were measured using BE detection (255-335 kHz) aer the application of bias pulses.
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Results and discussion Table 1 . The volume of PTO nanoislands (V NI ) was calculated assuming that the nanoislands have a disk-like shape. As seen in Fig. 1 and Table 1 , with the decreasing amount of the PTO precursor, the feature size of the PTO nanoislands decreased gradually.
The q-2q scan around STO:Nb(001) of sample B shows that PTO(001) is aligned parallel to STO:Nb(001) and no other crystallographic plane is developed [see Fig. 2(a) ]. Fig. 2(b) gives mapping in the HL-plane around STO:Nb(001) showing that PTO nanoislands have a c-domain dominant structure. Fig. 2(c) shows the HRTEM image of the cross-sectional view of a PTO nanoisland from sample C. The PTO nanoisland has a disk-like shape with a attened top surface and steep sidewalls. The width and height were 6.1 nm and 1.5 nm, respectively, which are comparable to the values obtained from the topography in Fig. 1(b) . On the other hand, the continuity of the crystal structure between the PTO nanoislands and the substrate conrmed epitaxial relationship between them, which is consistent with XRD data [ Fig. 2(a) and (b) ]. In the epitaxially grown PTO thin lm on a STO(001) substrate, the c-domain usually coexists with the a-domain because of residual stress caused by a mismatch between the lm and the substrate.
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However, XRD and HRTEM results revealed that a single PTO nanoisland consists of a single c-domain. Furthermore, it has been reported that crystallographic defects, e.g. dislocations and surface dead layers, can invoke instability of spontaneous polarization 26 or pinning of ferroelectric switching. 27 Since crystallographic defects were not found in Fig. 2 , the possible effects of these kinds of defects on ferroelectric behavior can be excluded and, therefore, it is expected to show better ferroelectric properties compared to the previously reported ones. As shown in Fig. 3 , the BE-PFM images show that all the nanoislands have one directional polarization over the scanned area which is consistent with the previously reported results.
15
The existence of spontaneous polarization as well as one directional polarization was also observed in samples B and C (see ESI †). We further examined hysteresis loops of each PTO nanoisland. All the PTO nanoislands, including PTO nanoislands with V NI as small as 79 nm 3 (see Fig. 4 ), show distinct piezoresponse hysteresis loops suggesting that the polarization can be normally switched by an external electric eld. The switchable polarization even for the smallest one can be expected from the absence of crystallographic defects as previously shown in Fig. 2 . Furthermore, the contribution of the clamping effect to the piezoelectric coefficient would be negligible because all of the samples lie within the regime of a high scaling ratio (Table 1) . 24 On the other hand, the smallest one presents the smallest remnant piezoresponse, which corresponds to the effective piezoelectric coefficient. The decrease of the remnant piezoresponse can be ascribed to the reduction of the number of spontaneous polarizations within a nanoisland. However, samples A and B revealed similar remnant piezoresponse even though the physical dimensions (V NI ) are different from each other. This indicates that there can be other factors such as crystal structure and residual stress which can affect the piezoelectric coefficients.
In addition, although the piezoelectric coefficients of the nanoisland arrays were very small compared to the bulk value of PTO ($75 pm V À1 ), the existence of the switchable polarization was unambiguous. We previously reported that the polarization of PTO nanoislands with V NI of 2660 nm 3 was not switchable.
The difference from the previous work can be attributed to the different thermal treatment conditions. In this study, the crystallization was conducted at lower temperature (500 C) for shorter time (15 min 30 the corona of which is much shorter than the core, can allow fabrication of nanostructures with decreased centerto-center distance of the nanoislands, while maintaining the feature size.
Conclusions
In summary, we fabricated uniformly distributed switchable sub-10 nm PTO nanoislands by utilizing block copolymer micelles. The PTO nanoislands were grown epitaxially on a single crystalline substrate without any dislocation at the interface and surface defect. Distinct piezoresponse with switchable polarization was observed even for the PTO nanoislands with a volume of 79 nm 3 (sub-10 nm regime). The results suggest that the critical size of ferroelectrics could be further downsized and, therefore, the areal density of the ferroelectric memory devices would be increased. Fig. 4 Piezoresponse hysteresis loops for the nanoislands. 
